1 Introduction to photodynamic therapy PDT has been considered a clinical option for the treatment of solid tumors for the past 25 years. It relies on the administration of a photosensitizer pro-drug which, following a certain time interval, (drug-to-light interval, DLI) is photo-activated by light of a specific wavelength [1] . High DLI facilitates optimal redistribution of the compound in cellular compartments (cellular-PDT). In contrast, low DLI principally targets tumor vasculature (vascular-PDT) [2] . The wavelength selected for PDT typically coincides with the longest-wavelength absorption band of the photosensitizer, ideally occurring between 650-850 nm. This wavelength range corresponds to greatest tissue penetration as well as light of sufficient energy to generate excited states capable of reaction with molecular oxygen. In the presence of oxygen, the photoactivated photosensitizer leads to the formation of reactive oxygen species (ROS) which are highly cytotoxic to the cells where the photosensitizer accumulates ( Figure 1 ). The main ROS generated in PDT are singlet oxygen ( 1 O2), formed by energy transfer from the triplet state of a photosensitizer (type II). Radical species such as the superoxide ion (O2 •-) and hydroxyl radical (OH • ), formed by electron transfer reactions (type I), can also be generated. These ROS are very short lived and react with biomolecules within a micron of their generation site ( Figure 1 ). The anti-tumor effect of PDT is mediated by a combination of three main actions: a) direct cytotoxic effect on the cancer cells, b) the destruction of the tumor blood vessels and c) the stimulation of anti-tumor immunity. The latter contributes to the long-term control of the disease and constitutes a major advantage over traditional therapies including surgery or chemotherapy, which are immunologically silent or even immunosuppressive [1, 3] . Most of the clinically approved and pre-clinical photosensitizers for anti-cancer PDT are porphyrins, chlorins, bacteriochlorins or phthalocyanines. Porfimer sodium (Photofrin, 'haematoporphyrin derivative'), temoporfin (Foscan, 5,10,15,20-tetrakis(3hydroxyphenyl)chlorin), verteporfin (Visudyne, 'benzoporphyrin derivative') 5aminolevulinic acid (ALA) and talaporfin (Laserphyrin, 'mono-L-aspartyl chlorin e6') are used in clinical practice but demonstrate limited absorptions in the phototherapeutic window, and, by extension, reduced efficacy in the treatment of deep lesions (Table 1 ). Weeks to months of skin photosensitivity is often observed with some of these photosensitizers. This is due to their low clearance rates resulting in the necessity for periods without sunlight exposure for patients, thus, interfering with their quality of life [4, 5] . Some of the limitations of current clinically-approved photosensitizers were partially overcome in the last decade by two photosensitizers based on the bacteriochlorin macrocycle structure: padeliporfin (WST11 or TOOKAD® Soluble) and redaporfin (LUZ11) ( Table 1) WST11 is a negatively charged, water-soluble palladium-bacteriochlorophyll photosensitizer prepared from free base extraction from benthic bacteria It exhibits high absorption at 763 nm, low photo-stability and a body clearance within a few minutes [6, 7] . This rapid elimination limits the risk of skin photosensitivity but requires clinical protocols with infusion administration and simultaneous irradiation. Moreover, protocols with large drugto-light intervals (cellular-PDT), facilitating photosensitizer accumulation at the target cancer cells, are not feasible with WSP11 [8] . Despite this, WST11 phase II clinical trials demonstrated that a vascular protocol (4 mg/kg and 200 J/cm 2 ) resulted in 80% of the patients with negative biopsy at least six months following treatment [9] . Redaporfin (LUZ11, 5,10,15,20-tetrakis(N-methyl-2,6-difluoro-3-(methylsulfamoyl)phenyl)bacteriochlorin) is a synthetic, amphiphilic bacteriochlorin with an elevated ROS quantum yield, high photo-stability and maximum absorption at 749 nm, which allows for the treatment of relatively deep lesions [10] . Its higher photo-stability, (1 st compartment (plasma) half-life of 0.5h and 2 nd compartment half-life of 65 h enables the use of redaporfin for both vascular and cellular-PDT [11] . Preclinical studies using a formulation based on Cremophor EL:Ethanol:NaCl 0.9% (0.2:1:98.8, v:v:v) demonstrated that different drug-to-light protocols (vascular vs. cellular protocols) resulted in distinct therapeutic outcomes. Vascular protocols attained the best therapeutic outcome for CT26 cells inoculated in BALB/c mice (cure rate around 85%), S91 melanoma cells inoculated in DBA/2 mice (cure rate 42%) and B16F10 melanoma cells inoculated in C57BL/6J mice (100% cure rate). This indicated that, at the time of irradiation, the photosensitizer was confined at the blood vessels and tumor destruction was mediated indirectly by starvation and hypoxia [12] [13] [14] . Clinical phase I/II trials are currently ongoing (NCT NCT02070432). A recent case report describes the example of a patient with advanced head and neck squamous cell cancer, uncontrolled by surgery, radiotherapy and chemotherapy (cisplatin, carboplatin, paclitaxel, cetuximab methotrexate) but obtained remarkable benefit from redaporfin-PDT. Three sessions of vascular-PDT with redaporfin, using the protocol optimized in pre-clinical models, enabled complete visible tumor destruction. Sequential treatment with an immune checkpoint blocker (Nivolumab, PD-1) allowed a complete response with the patient, two years later after the PDT, with no signs of the disease [15] . The therapeutic outcome of PDT is highly dependent on the cellular and molecular mechanism triggered by oxidative damage. The localization of the photosensitizer at the time of irradiation, both in the body and/or cellular compartments, largely determines where oxidative damage will occur due to the short lifetime and limited diffusion ability of ROS [16] [17] [18] . Vascular-PDT protocols favor the destruction of the tumor vasculature network and are usually associated with extensive necrosis Cellular-PDT protocols are rather known to have a direct cytotoxic effect on the cancer cells [19] . In the latter case, the intracellular localization of the photosensitizer is a key determining factor. Typically, more hydrophobic photosensitizers accumulate in the membranes of the cellular organelles and can be observed in the endoplasmic reticulum (ER), Golgi apparatus (GA) and/or mitochondria, whilst hydrophilic photosensitizers are more often observed in the endocytic pathway. The pattern of intracellular accumulation has a strong impact on the stress adaption and cell death mechanisms observed. For instance, oxidative damage at the ER/GA and mitochondria is generally deemed the most lethal [16] [17] [18] . Finally, a better understanding of the impact of these cellular stress pathways on anti-tumor immunity is critical for the design of new antitumor therapies is critical for the design of new anti-tumor therapies capable of simultaneously killing cancer cells and activating anti-tumor immunity. The present review highlights the main mechanism of adaptive stress responses and cell death mechanisms prompted by PDT. The contribution of such mechanisms for the high immunogenicity of PDT-killed cancer and thereof, for antitumor immunity, are thoroughly discussed.
Figure 1.
Mechanism of photodynamic therapy. Type I and type II reactions are initiated when the photosensitizer (PS) absorbs a photon and is electronically excited to the singlet state ( 1 PS*). The excited PS may undergo intersystem crossing (ISC) to form a relatively long-lived triplet state ( 3 PS*). In the type I reaction, the 3 PS* can transfer an electron to neighboring biomolecules, or directly to oxygen, resulting in radical formation capable of reaction with O2 to produce O2 •-, H2O2 or/and OH • . Alternatively, in a type II reaction, energy of the excited PS may be directly transferred to molecular oxygen, to form singlet oxygen, 1 O2.
2 Adaptive mechanisms to photooxidative stress PDT-mediated ROS inflicts damage on different biomolecules, which, depending on the severity may be permanent or repaired. Different adaptive stress responses can be activated upon the oxidative stress experienced by PDT-treated cells as an attempt to remove/ repair damaged material. This ultimately retrieves cellular homeostasis and viability. Typically, these survival mechanisms are regulated by transcription factors including: eukaryotic translation initiation factor 2 subunit alpha (EIF2S1, best known as eIF2α) from the integrated stress response (ISR), nuclear factor E2-related factor 2 (NRF2), hypoxiainducible factor (HIF-1), nuclear factor kB (NF-KB) and others (ATF4, XBP1 and ATF6f) from the unfolded protein response (UPR). Overall, these ER stress pathways culminate in a global shutdown of protein synthesis. This halt coincides with various protein chaperons and folding enzymes experiencing increased production, a process regulated by the previously mentioned transcription factors [20] (Figure 2 ).
Figure 2
Oxidative stress activates different cell survival pathways. Distinct types of stress can activate the integrated stress response (ISR), an adaptive pathway that has the phosphorylation of the transcription factor eIF2α, by one of the four eIF2α kinases (PERK, PKR, HRI and GCN2), as its core event. Accumulation of misfolded proteins is detected at the ER by three sensors, PERK (common to the ISR pathway), IRE-1 or ATF6. Oxidative stress activates the antioxidant stress response mediated by the Nrf2 pathway. Overall, transcription factor activation leads to a decrease in global protein synthesis and the induction of specific genes which together target cellular recovery.
Integrated stress response
ISR is a mechanism common to all eukaryotic cells that responds to different stress conditions through the phosphorylation of eIF2α. Depending on the stress stimulus, eIF2α phosphorylation may experience mediation by one of the eIF2α kinases, namely: PKR-like kinase, PERK (ER stress -accumulation of unfolded proteins), double-stranded RNAdependent protein kinase, PKR (viral infections), heme-regulated kinase, HRI (heme deprivation) and general control nonderepressible 2, GCN2 (amino acid starvation and UV light). General protein synthesis is reduced upon eIF2α phosphorylation. However, specific genes, particularly the transcription factor ATF4, are activated to mediate the expression of genes that attempt to restore cellular homeostasis. When the latter is achieved, eIF2α dephosphorylation is mediated by the protein phosphatase 1 complex (PP1) and normal protein synthesis is restored [21] . Accumulation of misfolded protein in cells is detected by the ER (ER stress), which activates several intracellular signal transduction pathways, collectively termed the 'unfolded protein response' (UPR). This mechanism has three main stress sensors: protein kinase RNA-like ER kinase (PERK), activating transcription factor 6 (ATF6) and inositol-requiring element-1 (IRE-1), as illustrated in Figure 2 . Eachare ER transmembrane proteins, generally inactivated by direct association to the binding immunoglobulin protein (Bip, best known as glucose regulated protein (GRP78)). Dissociation of Bip occurs when unfolded proteins are accumulated in the ER lumen. PERK phosphorylates eIF2α, which subsequently mediates the selective translation of the mRNA encoding the ATF4 transcription factor. This leads to a general inhibition of protein translation, a reduction of the influx of proteins into the ER and an increased expression of different pro-survival genes.ATF6 similarly influences gene expression. It is translocated from the ER to the GA, where it is processed by proteases into the transcription factor ATF6f fragment, which targets UPR genes within the nucleus. Finally, IRE1, dimerizes and autotransphosphorylates under ER stress conditions, resulting in both kinase and endoribonuclease activity (RNase). The latter exerts its activity on the mRNA coding for the transcription factor X box-binding protein (XBP1) by excising a 26nucleotide-long intron. The spliced form of XBP1 is an active and stable transcription factor which translocates to the nucleus, regulating UPR genes. IRE1 can also target and degrade varied mRNA (IRE-1 dependent degradation -RIDD) thus, also contributing to a decrease in protein synthesis [22] . Under conditions of prolonged oxidative stress, homeostasis/proteostasis may not be restored, and cell death mechanisms, for instance apoptosis, are instead activated [23, 24] . Cell death upon unresolved ER stress has been described as dependent on the mitochondrial apoptosis pathway which is regulated by the B cell lymphoma 2 (BCL-2) protein family. C/EBP-homologous protein (CHOP), also known as growth arrest and DNA-damageinducible gene 153 (GADD153), is under the control of the PERK-ATF4 axis of ER stress and is an important pro-apoptotic player through modulation of the expression of different BCl-2 family members. This includes the downregulation of the pro-survival BCl-2 and the upregulation of the pro-apoptotic BCl-2-like protein 11, commonly called Bim [23] . ER stress also participates in the mitochondrial cell death mechanisms by triggering calcium (Ca 2+ ) fluxes between the two organelles [25] . Often, upon ER stress, a rapid release of Ca 2+ occurs from the ER to the cytosol, which is then captured by mitochondria contributing to mitochondria swelling with rupture of the outer membrane. In turn, the release of mitochondrial apoptotic factors into the cytosol occurs. Additionally, Ca 2+ activates the Ca 2+dependent protease calpains, which subsequently activates the caspase 12, an ER resident caspase that translocates to the cytosol, where it directly activates the cascade, caspase 9caspase 3 [26] . The IRE1 sensor can also have an important pro-apoptotic role through its ability to activate MAPKs pathway and the downstream JNK [23, 24] . Thus, if it is not possible to restore homeostasis following oxidative stress, pro-apoptotic mediators, including CHOP and calcium fluxes will promote cell death. Numerous works have revealed ER stress activation after PDT, particularly when photosensitizers known to accumulate in the ER were used. A study using 5,10,15,20tetraphenylporphyrin (TPP) derivatives demonstrated the sensitivity of PS functionalization to altering localization. TPP with an ethylene glycol (EG) chain in the meta [mTPP(EG)4] or in the para [pTPP(EG)4] positions of the phenyl ring and a fluorinated analog carrying the EG chain in para position [pTPPF(EG)4] were investigated. While both pTPP(EG)4 and pTPPF(EG)4 accumulated in the lysosomes. Alternatively, the meta derivative mTPP(EG)4 showed ER tropism. Although the three compounds, when photo-activated, induced apoptosis, a rapid increase (within one minute) of the cytosolic Ca 2+ , followed by activation of calpains, caspase 12 and 4, was only observed for the meta derivate. Pre-treatment with BAPTA (intracellular Ca 2+ chelator), Ru360 (inhibitor of mitochondrial Ca 2+ uptake) or PD150606 (calpains inhibitor) significantly decreased mTPP(EG)4 toxicity, but not the toxicity of the para derivates. Thus, the involvement of Ca 2+ signaling in mTPP(EG)4-PDTmediated apoptosis was suggested. In agreement, PERK and eIF2α phosphorylation along with induction of ATF4 and CHOP was observed for mTPP(EG)4-PDT, but not for the para counterparts [17] . Microarray technology was used for the identification of the changes in the gene profile after PDT with hypericin, a natural photosensitizer with tropism for the ER-GA complex [27] . The most significant changes identified, consisted in the upregulation of several UPR genes, namely PERK and its substrate eIF2α, CHOP and the downregulation of the phosphatase PPP1R15A (GADD34), which indicates activation of PERK-ATF4 axis of the ER stress pathway. Activation of the IRE1α-XBP1 branch was observed, too [28] . Furthermore, in vitro work confirmed PERK and eIF2α phosphorylation alongside CHOP and the BH3-only proteins (Bim and Noxa) consistent with the ER stress response [29, 30] . PDT using other photosensitizers with ER tropism such as Rose Bengal [31] , methyl pyropheophenylchlorin (3 1 ,3 2 -didehydrophytochlorin methyl ester) [32] and 5-ethylamino-9-diethylaminobenzo[a]phenoselenazinium (EtNBSe) [33] have also induced signs of ER stress, namely at the PERK-eIF2α axis. This was correlated with increased levels of GRP78/Bip and CHOP and caspase 12 dependent apoptosis. In contrast, PDT with redaporfin, a bacteriochlorin that accumulates in the ER-GA complex, triggers eIF2α phosphorylation by EIF2AK1 (also known, HRI) and not by PERK, which was in fact, as revealed for other ER-GA proteins, destroyed by redaporfin photoactivation. The involvement of HRI was unexpected as, unlike other eIF2α kinases which have a ubiquitous distribution, EIF2AK1 is mainly presented in red blood cells, where it is activated upon heme perturbation. Arsenite treatment, heat shock, osmotic stress, proteasome inhibition and nitric oxide are some other examples that revealed HRI as the kinase mediating eIF2α phosphorylation. Surprisingly, redaporfin-based PDT failed to elicit the activation of ATF4 and CHOP, the two transcription factors downstream of eIF2α phosphorylation despite other signs of ER stress being observed, namely at the level of ATF6 and IRE1. Overall, a partial reduction in protein synthesis was observed and gene knockout (KO) of EIF2AK1 (but not that of EIF2AK2, EIF2AK3 or EIF2AK4) sensitized the cells to redaporfin-dependent phototoxicity [34, 35] .
Antioxidant stress response: The Nrf2 pathway
ROS generated by PDT are detrimental to numerous bimolecules upon oxidation leading to structural modification and loss of function. In an attempt to reinstate redox homeostasis, cells can activate the nuclear factor erythroid 2-related factor (Nrf2), a transcription factor that controls the expression of genes having a role in the elimination of oxidized biomolecules and electrophilic agents. Under normal conditions, Kelch-like ECH associated protein 1 (Keap1) maintains Nrf2 at the cytosol and facilitates its polyubiquitination favoring its degradation by the ubiquitin-proteasome pathway. However, in oxidative stress conditions, Keap1 becomes oxidized and loses the ability to retain Nrf2, which in turn translocates to the nucleus, where it binds to antioxidant response element sequences (ARE) to activate the expression of several genes contributing to the restoration of the redox balance. These genes include: a) antioxidant enzymes (e. g. NADPH Quinone oxidoreductase-1 (NQO1), NADPH Quinone oxidoreductase-1 (NQO2), glutathione (GSH), glutathione Stransferases (GST), heme-oxygenase-1 (HO-1), superoxide dismutase (SOD), catalase, etc.), and b) multidrug transporters (e. g. ATP binding cassette subfamily C (ABCC) also known as multidrug resistance proteins (MRPs) and the multidrug efflux pump ATP-binding cassette subfamily G member 2 (ABCG2), etc.). The first directly neutralize ROS and their intermediates. The latter contribute to the detoxification of cells from oxidized material, which cumulatively contributes to restoration of redox balance [20, 36] . These mechanisms have been described in the context of PDT mainly as pro-survival mechanisms. HO-1 upregulation was identified in cancer cells treated by hypericin-PDT [28] [37], photofrin-PDT [38] , 5-aminolevulinic acid (ALA)-PDT [39] and talaporfin sodium-PDT [40] . For instance, with hypericin-PDT, the nuclear accumulation of Nrf2 was accompanied by p38 mitogen activated protein kinases (MAPKs) and phosphatidylinositol 3-kinases (PI3K) signaling cascades, revealed asrequired for HO-1 induction. Pharmacological inhibition or gene silencing of such pathways decrease HO-1 levels and heightens cell sensitivity to the PDT treatment. Similarly, inhibition of HO-1 significantly increases cancer cell death upon treatments of PDT with photofrin, ALA and talaporfin sodium. Thus, it is suggested that HO-1 inhibition is a promising approach to potentiate the effectiveness of PDT, particularly when cancer is the target disease due to the upregulated NFR2 activity often experienced by malignant cells. In addition, NRF2 pathway inhibition can also suppress the subsequent endogenous ROS that are typically generated when cells are stressed. Other studies of PDT treatments with ALA, protoporphyrin IX or pheophorbide have revealed that, besides induction of HO-1, the ABC transporter, ABCG2, was also upregulated [41, 42] . NRF2 inhibition in cell lines submitted to pheophorbide a (Pba)-PDT or methyl pyropheophorbide a (Mppa)-PDT resulted in enhanced cytotoxicity along with increased levels of ROS, which were also correlated with decreased levels of drug transporters (BCRP; ABCG2) and increased accumulation of the photosensitizers inside the cancer cells [43, 44] . The Nrf2 pathway presents several upregulated antioxidants which may also be targeted to enhance PDT efficacy. For instance, SOD (diethyl-dithiocarbamate, DDC and 2-methoxyestradiol, 2-ME), glutathione (L-buthionine sulfoximine, BSO) or catalase (3amino-1,2,4-triazole, 3-AT) inhibitors have been used to potentiate PDT with different photosensitizers [45] [46] [47] [48] [49] [50] [51] [52] . All the previously mentioned pathways target homeostasis recovery and cell survival. However, when oxidative stress exceeds a certain intensity or duration, the induction of cell death mechanisms is inevitable.
Cell death pathways in PDT
The imbalance between the emergence of ROS and the ability of cells to achieve detoxification or repair damage can result in oxidative stress which ultimately triggers different mechanisms of cell death. Our understanding of these mechanisms continue to expand and new mechanisms and signaling pathways are continuously discovered. The different forms of cell death are remarkably complex and sometimes partially overlap, which makes their identification a difficult task. Necrosis, apoptosis, and autophagy ( Figure 3 ) are still the best known forms of cell demise although terms like necroptosis, ferroptosis, pyroptosis, parthanatos, mitochondrial permeability transition-driven necrosis, lysosomedependent cell death, cellular senescence, mitotic catastrophe and immunogenic cell death have emerged [53] , including evidence within the field of PDT [54] [55] [56] [57] . The identification of these different pathways must take into consideration morphological, genetic, biochemical, molecular and functional parameters, as was described in the last recommendations of the nomenclature committee on cell death 2018 [53] .
Figure 3
The three most noted pathways of cell death. Apoptosis is represented with the characteristic cellular shrinkage, chromatin condensation and fragmentation, cell blebbing and formation of apoptotic bodies without leakage of its content. Necrosis shows cytosol and organelles swelling with subsequent membrane breakdown and content release. In autophagy, autophagosomes formation and their fusion with lysosomes forming autolysosomes are the most characteristic features, but sometimes vacuolization can also occur.
Non-regulated cell death (NRCD) or accidental cell death (ACD), typically known as accidental necrosis, is a form of rapid and uncontrolled demise of cells when exposed to severe damage. In contrast, the different modalities of regulated cell death (RCD) are very complex and controlled by several signaling pathways, which can be modulated by pharmacological or genetic interventions. It can occur under physiological conditions, witnessed during development and tissue turnover (programmed cell death), or mediated by external factors that induce perturbations/damage which the different adaptive responses discussed previously cannot adequately correct [53] . Apoptosis, autophagy and necrosis are, within the context of PDT, likely the most extensively studied modes of killing. The same photosensitizer may induce the three cell death mechanisms depending on the treatment conditions. Typically, high photo-damage (high photosensitizer concentration and/or high dose light) induces necrosis. Moderate damage is expected to induce regulated cell death modalities (e.g., apoptosis). Finally, minor damage induces autophagy, most probably adaptive autophagy which, depending on the damage extension, can further trigger other mechanisms of regulated cell death [58, 59] . Taking these into consideration, it is then perceived that, in vivo, different forms of cell death are simultaneously induced within a tumor submitted to PDT. At the tumor surface, where the photon flux is higher, and in regions closer to the tumor blood vessels, the oxidative stress is expected to be stronger, thus generating accidental necrosis. In contrast, cells in deeper regions, further away from the blood vessels may die by regulated forms of cell death (e.g., apoptosis), and autophagy is expected in regions where less ROS are generated.
Accidental necrosis (Non-regulated cell death)
Necrosis or accidental cell death is a rapid and unregulated form of cell death caused by an acute and strong physical or chemical insult. This process leads to failure of the ionic pumps in the plasma membrane. It is accompanied by increased membrane permeability resulting in water and ion influx, cellular and organelle swelling, cytoplasm blebbing and chromatin clumping [60] . Necrosis is regarded as a passive process as in contrast to regulated cell death modalities, it does not require protein synthesis, energy or regulation by signaling pathways. Some investigations point out important roles of mitochondria, ER and lysosomes in the control of necrosis [61] . For instance, the breakdown of lysosomes mediates the release of numerous enzymes to the cytoplasm, namely proteases such as cathepsins and calpains. Elevated cytoplasmic Ca 2+ is also observed, which is critical to activate the calpain family and for the translocation of cytosolic phospholipase A2 to cellular membranes, which together mediate the disruption of the cell membrane [60] . The breakdown of the plasma membrane releases all the cellular content leading to a strong inflammation [62] . It is generally accepted that high-dose PDT, either by applying a high photosensitizer concentration and/or a highdose light tends to kill cells by necrosis [14, [63] [64] [65] . Necrosis is also associated with photosensitizers having tropism for the cell membrane, which, upon photoactivation, mediate the loss of membrane integrity and ATP depletion. It is understood that short periods of incubation favor the accumulation of the photosensitizers in the plasma membrane, whereas, longer periods of incubation enable accumulation of the photosensitizers in the different organelles. Cells incubated with Photofrin for short period of times (such as 1 h or 3 h) exhibited photosensitizer accumulation mainly in the plasma membrane, whereas longer incubation times (24 h) resulted in preferential photosensitizer accumulation in the GA. Interestingly, upon photo-activation, the first protocol favored cell demise by necrosis, whereas apoptosis was observed when GA was the target organelle [66, 67] . Similar results were observed with (phthalocyaninato) zinc(II)-PDT. Following a short period of incubation (2 h), a necrotic phenotype was induced which correlated with loss of membrane functions, whereas the same concentration, after 24 h of incubation, induced GA damage and cell death by apoptosis [68] . Another study of PDT using a glycosylated chlorin as photosensitizer (GLc4) also revealed that short periods of incubation (2 h) confined the photosensitizer at the plasma membrane, resulting in necrosis and demonstrating plasma membrane accumulation as a preferential target for necrosis. [69] 3.2 Regulated forms of necrosis Nowadays, it is generally accepted that necrosis can also occur in a highly regulated manner. Multiple pathways of regulated necrosis have emerged, such as necroptosis, parthanatos, oxytosis, ferroptosis, NETosis, pyronecrosis and pyroptosis. In general, these forms of regulated necrosis are morphologically similar with the non-regulated form of necrosis with cellular leakage, cytoplasmic granulation and cellular and organelle swelling (oncosis). All of these new forms of regulated necrosis have been discussed in detailed in other reviews. [70, 71] Necroptosis is the best understood example of regulated necrosis and the only mechanism already identified in a few PDT studies. Necroptosis is triggered when perturbations (stress signals, both intra or extracellularly) are detected by death receptors (e.g. TNFR1, FAS, PRRs), particularly when caspases are inhibited (namely caspase 8). One of the best-known triggers of necroptosis is the combination of TNFα, a SMAC mimetic and a pan caspase inhibitor. TNFα is detected by TNFR1, which then attracts FADD and receptor interactingprotein kinases 1 (RIPK1) and 3 (RIPK3). The mutual phosphorylation of RIPK1 and RIPK3 induces the formation of a multiprotein RIPK1-RIPK3 complex, known as necrosome that stimulates necroptosis by recruiting the mixed lineage kinase domain-like (MKLK) protein. The latter is phosphorylated by RIP3K which triggers MLKL oligomerization and translocation to the plasma membrane. This mediates plasma membrane permeabilization and consequently, cell demise. [70, 71] Recently, a few studies have highlighted necroptosis as a cell death mechanism activated by PDT. 5-ALA-PDT was immediately followed by an autophagic survival mechanism that was dependent on TSC2 phosphorylation. This mechanism was shown to be counter-balanced by the activation of RIP3, which dephosphorylates TSC2 inhibiting its pro-survival action and inducing a necroptosis cell death mechanism. [72] Interestingly, the latter occurs in the absence of SMAC mimetics and caspase inhibitors and is characterized by a RIPK1-RIPK3 necrosome that lacks casp8 and FADD. In accordance with these observations, less cell death was attained when 5-ALA-PDT was performed after pre-treatment with necrostatin 1 (NEC1, a RIPK1 inhibitor) or silencing of RIP3K. [73] PDT with the photosensitizer talaporfin sodium also kills cancer cells by using the necroptotosis machinery as suggested by the lower levels of cell death observed upon pre-treatments with NEC1 or alternatively silencing of RIPK3 or MLKL. [57] PDT with meso-tetrakis (4-carboxyphenyl) porphyrin sodium slat (Na-H2 TCPP) and its zinc derivative Na-ZnTCPP tested in a non-tumoral (MCF-10A) and tumoral (SKBR3) breast epithelial cell lines induced different cell death types. Interestingly, the cancer cells mostly exhibited signs of apoptosis or accidental necrosis, whereas the non-cancer cells presented signs of accidental necrosis but also a form of regulated necrosis known as parthanatos. The latter is characterized by nuclear fragmentation, absence of membrane blebbing, mitochondrial depolarization, apoptosis-inducing factor (AIF) translocation from the mitochondria to the nucleus and Poly(ADP-ribose) polymerase (PARP)-dependence. [55] As these modalities of regulated cell death are becoming more known and recognized, it is likely that future works will focus on regulated necrosis with PDT, through the use of different photosensitizers.
Apoptosis
Apoptosis is a very complex mechanism, typically classified in two main pathways, the intrinsic (or mitochondrial) and the extrinsic (death receptor). The first pathway can be triggered by intracellular or extracellular perturbations involving the permeabilization of the outer membrane of mitochondria and culminates in the activation of the effector caspases (caspase 3 and 7). The extrinsic pathway occurs when perturbation at the extracellular environment is detected by plasma membrane receptors, with the specific involvement of caspase 8, and also ends in the activation of the effector caspases. In both pathways, plasma membrane integrity is always maintained in vivo, with the dying cells and apoptotic bodies being rapidly cleared by immune cells with phagocytic activity (e.g., macrophages), whereas in vitro, membrane breakdown occurs, typically designated as secondary necrosis [74] . Intrinsic apoptosis is the most common within PDT treatments beinh the one herein discussed. It is highly regulated by the B-cell lymphoma 2 (BCL-2) family that, according to their BCL-2 homology (BH) domain organizations, is divided into: a) anti-apoptotic proteins and b) pro-apoptotic proteins. The first has all the four BH domains (BH1, BH2, BH3 and BH4) and includes the BCL-2 itself, BCL-extra large (BCL-XL), myeloid cell leukemia-1 (MCL-1), BCL like 2 (BCLL2, best known as BCL-W), and BCL-family member A1 (BFL-1) proteins. The latter includes proteins with the BH1, BH2 and BH3 domains (e.g., BCL2 associated X (BAX), BCL2 antagonist killer 1 (BAK1) and BCL2 family apoptosis regulator (BOK)) and proteins that contain only the BH3 domain, commonly known as BH3-only proteins (e.g., BCL2 associated death promoter (BAD), BH3 interacting domain death agonist (BID), p53-upregulated modulator of apoptosis (PUMA), BCL2-interacting mediator of cell death (BIM) and phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1, best known as NOXA)) [75] . Intrinsic apoptosis may result from direct damage at the mitochondria or can be indirectly stimulated by signaling pathways activated due to damage inflicted to other cellular structures. Persistent homeostasis perturbation/damage at sites alternative to the mitochondria (like ER) induces the activation of BH3-only proteins BID, BIM, PUMA and NOXA proteins, which in turn activate BAX and BAK1 proteins to form pores at the outer mitochondrial membrane. This step of mitochondria membrane permeabilization is irreversible and triggers the dissipation of the mitochondrial membrane potential (Δψm) and the release of mitochondrial proteins (e. g. second mitochondrial activator of caspases (SMAC) and cytochrome c) into the cell cytosol. SMAC binds to members of the inhibitor of apoptosis protein family (IPA) including the X-linked inhibitor of apoptosis (XIAP) known to physically block caspases. Cytochrome c binds to APAF1 and pro-caspase 9 to form a complex known as apoptosome, which can trigger caspase 9 activation, in turn, mediating the proteolytic activation of the effector/ executioner caspases 3 and 7. The former cleave different cellular substrates, which leads to the morphological and biochemical changes typically observed during apoptosis. This includes phosphatidylserine exposure and DNA fragmentation elicited by caspase 3. Activated BAX and BAK can also permeabilize the ER membrane (especially in the context of ER stress) which mediates the release of ER chaperones and Ca 2+ to the cell cytosol. The latter is taken up by mitochondria and contributes to its permeabilization. Mitochondrial membrane permeabilization can be impaired by antiapoptotic members of the BCL-2 family (BCL2 itself, BCL-XL, MCL-1, BCL-W, BFL-1), which are generally associated with the outer mitochondrial and the ER membranes. They inhibit apoptosis by directly interfering with the pro-apoptotic members of the BCL-2 family, namely BAX and BAK, preventing their oligomerization and pore-forming activity through physical sequestration at the outer mitochondrial membrane and indirectly by inhibition of BH3-only activators [74, 75] .
In various cell lines, changes in the levels of BCL-2 family members were reported for PDT treatments with different photosensitizers. An increased ratio of pro vs. anti-apoptotic proteins, for example, the BAX/BCL-2 ratio is typically observed. Accumulation of the photosensitizer in the mitochondria has been associated with the destruction of anti-apoptotic proteins, includingBCL-2 itself. This destruction has been witnessed for. PDT with 5aminolevulinic acid (ALA) [76, 77] , a silicon(IV) phthalocyanine photosensitizer ('Pc4') [78, 79] , tin etiopurpurin ('SnEt2', (dichloro)(2 1 -ethoxycarbonyl-2,7,12,17-tetraethyl-3,8,13,18-tetramethyl cyclopenta[at]porphyrinato)tin(IV)), 9-capronyloxy-2,7,12,17tetra(methoxyethyl)-porphycene ('CPO'), temoporfin [80] or (phthalocyaninato)zinc(II) [81] . In contrast, BAX was found to be upregulated at the mitochondrial membrane. This was correlated with the release of mitochondrial proteins such as cytochrome c. Photosensitizers which target the ER-Golgi compartments, such hypericin and redaporfin, can also activate the intrinsic pathway of apoptosis. In both cases, increased levels of cytosolic Ca 2+ were observed, likely reflecting the direct damage at the ER. Upon Ca 2+ inhibition, for instance with the Ca 2+ chelator BAPTA, reduced cell toxicity was detected [35] . Hypericin-PDT demonstrated destruction of the anti-apoptotic BCL-XL [82] but also the activation of the PERK-eIF2α arm for ER stress. Induction of the downstream player CHOP thereby occured. CHOP is a pro-apoptotic transcription factor which increased the expression of the pro-apoptotic proteins BIM and NOXA, with subsequent BAX and BAK activation [29, 30, 83] . Silencing of NOXA, but not of BIM, reduced cell death. Additionally, PERK KO cells were less sensitive to hypericin-PDT-mediated photodamage, which was related to the inability of these cells to upregulate NOXA. The latter was independent of CHOP, thus suggesting that PERK was regulating apoptosis via two independent pathways: CHOP induction and NOXA upregulation [84] . In another study with hypericin-PDT, it was demonstrated that upregulation of BAX and/or BAK resulted in higher photo-toxicity, whereas their inhibition decreased cell demise, although, not completely. This suggested that other mechanisms, likely caspase-independent, are involved. In fact, wild-type (WT) cells presented the typical signs of apoptosis, whereas, cells KO for BAX and BAK presented an accentuated cytosolic vacuolization. The former was prevented by wortmannin (PI3K inhibitor) but not by zDEVD-fmk (caspase inhibitor) suggesting that in the absence of the pro-apoptotic proteins BAX and BAK, hypericin-PDT results in autophagy-dependent cell death instead of apoptosis [83, 85] . Recent work revealed redaporfin-PDT as causing a rapid dilation and vacuolization of the ER-GA organelles, as well as reducing the level of several GA/ER proteins. Redaporfinbased PDT manifested traits of the intrinsic pathway of apoptosis, mainly: translocation of BAX to mitochondria and mitochondrial release of SMAC with partial dependency on caspases, BAX and BAK, for its toxicity. Surprisingly, pharmacological perturbation of GA function or homeostasis by means of Brefeldin A or Golgicide A, reduced mitochondrial permeabilization and, as consequence, cell death-mediated by redaporfin-PDT. In contrast, removal of the pro-apoptotic proteins BAX and BAK or pre-treatment with the pancaspase inhibitor Z-VAD-fmk, reduced cell killing but left the GA perturbation unaffected. These effects were mitigated by the lipophilic antioxidant tocopherol, thus indicating that they were ROS-mediated [34, 35] . PDT with protoporphyrin IX, or polyamines-targeting derivatives, were shown to accumulate at the cells cytoplasm but also mediate cell death by activating apoptosis via the intrinsic pathway. [86] 
Autophagy
Autophagy is a catabolic process which can act as: a) a pro-survival mechanism (adaptive autophagy) through the clearance of damaged cellular material, or b) a death mechanism, particularly under conditions which permanently enhance organelle damage (autophagydependent cell death). Each case relies on the formation of a double layer membrane vesicle that engulfs damaged material (autophagosomes) separating it from the cytoplasm, followed by fusion with lysosomes (causing the digestion of the inner membrane of the autophagosomes) forming the so-called autolysosome (single-membraned vesicles). It is here that the autophagic cargo is degraded by lysosomal hydrolases. The degradation allows for both the removal of damaged material (unfolded proteins, damaged organelles, microorganisms) and reuse of recycled nutrients for normal cellular processes. The formation of autophagosomes is a highly complex and regulated process involving numerous proteins and signaling pathways, such as: a) unc-51 like autophagy activating kinase 1 (ULK1) complex, b) phosphatidylinositol 3-kinase catalytic subunit type 3 (PIK3C3, known as VPS34) -Beclin 1 (BECN1) complex, and c) several other autophagy-related genes (ATG). Microtubule-associated protein 1A/1B light chain 3B (MAP1LC3B, best known as LC3 is also a critical protein for the autophagosomes biogenesis as well as for their cargo selection. It is redistributed from a usually diffuse cytoplasmic pattern (LC3-I) towards the so-called autophagic puncta (LC3-II), which requires a series of ubiquitin-like reactions (involving several ATGs) which mediate the conjugation of LC3-I to the phosphatidylethanolamine lipid of the autophagic vesicles, yielding LC3-II. Lipidation of LC3 and the detection of LC3+ puncta are, indeed, the most common markers for the recognition of autophagy. [53] The presence of autophagosomes in dying cells is not a definite indicator that autophagy is the cause of demise. Rather, it may reflect the efforts of the cells to rescue homeostasis and survive [53, 87] . Moreover, autophagy is often associated with the presence of other types of regulated cell death, such as apoptosis or necroptosis, serving a less significant role in the cell demise. Autophagy-dependent cell death is considered a regulated form of cell death that fully requires different components of the autophagic machinery. Currently, tissue development is the most frequently used used model to study this type of cell death. Recent efforts have started to highlight the molecular and morphological features of autophagy stimulated cell demise and how the autophagic pathway changes from a survival to a death role [88] . Function of autophagy as a survival of death mechanism depends on the degree of photodamage induced. Upon autophagy activation, demise can occur directly as a result of the action of the autophagic machinery (autophagy-dependent cell death) or by activating other modalities of regulated cell death (typically apoptosis) [31, 89] . Numerous studies in the PDT field show that the pharmacological or genetic inhibition of autophagy often increases the phototoxicity of ROS-mediated damage, thus suggesting autophagy as a survival mechanism rather than a cell death pathway. For example, PDT with the photosensitizer CPO or with hypericin (both with ER tropism) revealed apoptosis-induction with the concomitant identification of signs of autophagy, such as double-membrane autophagosomes, lipidation of LC3, and cytoplasm vacuolization. In both studies, inhibition of autophagy, either by PI3K inhibitors (e.g., wortmannin) or by silencing autophagic genes (e.g., ATG5), resulted in cell death augmentation which clearly revealed the cytoprotective role of autophagy for these photosensitizers [90] [91] [92] . However, this pro-survival effect can only occur up to a certain threshold of photodamage as illustrated by some studies of PDT using CPO (ER tropism), mesochlorin (2,3-dihydro-mesoporphyrin, mitochondria tropism) or verteporfin (mitochondria tropism). These studies demonstrated that increased cytotoxicity occurred in autophagic-deficient cells (ATG7 KO) but only when low light doses were applied [93, 94] . Interestingly, different effects were found with PDT using photosensitizers targeting lysosomes (WST11 or NPe6). Although autophagy (observed by vacuolization and LC3 lipidation) was inhibited in both ATG5 and ATG7 KO cell lines, no differences on the cell viability were found between normal and ATG5 KO cells, whereas cell death (apoptosis) was significantly suppressed in ATG7 KO cells. In all these cell lines, rapid photodamage of the lysosomes was observed, while lysosomal recovery was not observed for normal or ATG5 KO cells. Instead, it was rapidly attained in ATG7 KO cells, which likely explains the better survival of such cells [95] . Autophagy-dependent cell death triggered by PDT appears to mainly occur when apoptosisdeficient cells are used. Cell death in the absence of apoptosis signsbut with LC3 lipidation and strong vacuolization, were observed upon CPO-PDT in BAX-deficient cells, which was significantly repressed by PI3K inhibitors [90, 91] . Similarly, cell death by hypericin-PDT in cells double KO for BAX and BAK occurs with vacuolization, double-layer vacuoles, LC3 lipidation and LC3-GFP+ dots, but without the features of apoptosis. In accordance, pretreatment with PI3K inhibitors (wortmannin) blocked cell death (and autophagy) in the KO cells but not in the normal cells. Additionally, caspase 3 inhibition (zDEVD-fmk) only affected normal cells [83, 85] . The complexity of autophagy is also reflected by the diverse forms of non-canonical autophagy that have been described in recent years. In this regard, the photoactivation of redaporfin was described to have induced LC3 lipidation, AMPK activation, mTOR inhibition, recruitment of LC3 (and other autophagic proteins) towards the damaged GA but not double-membraned autophagosomes. This GA-specific relocation of LC3 was found to be dependent on ATG3, ATG5 and ATG12, yet it did not depend on ULK1 or PIK3C3/BECN1 complexes, or on the lysosomal-autophagosome fusion process. Even though GA recruitment of LC3 appears to occur by a non-canonical form of autophagy, this pathway is potentially cytoprotective as double KO of ATG5 and ATG7, prevented LC3 recruitment also sensitized cells to killing by redaporfin-PDT. [96] Similar results were described for other strategies with the ability to interfere with GA homeostasis. These strategies included laser-induced localized cellular damage, local expression of peroxidase with exposure to peroxide and diaminobenzidine, exposure to the Golgi-tropic anticancer peptidomimetic LTX-401 [96] , to the unsaturated fatty acid oleate [97] or to squaramidebased synthetic chloride transporters [98] .
PDT and immunogenic cell death (ICD)
For a long time, apoptosis was considered to be immunologically silent or even tolerogenic, whereas accidental necrosis was perceived as a highly inflammatory, sometimes even harmful, form of cell death. This perception came from the notion that in vivo, apoptotic cells (and related apoptotic bodies) are taken up by phagocytic cells before the breakdown of their membranes, which prevents the release of any intracellular content. Instead, accidental necrosis is accompanied by a rapid release of the intracellular content, which contains several molecules with inflammatory and immunomodulatory properties. These molecules are known as danger/damage-associated molecular patterns (DAMPs) and only acquire immunostimulatory properties when released/exposed and ultimately recognized by patternrecognition receptors (PRRs) (such as Toll-like receptors, NOD-like receptors and RIG-1 like receptors) in immune cells. It is now recognized that apoptosis can, in some situations, activate an adaptive immune response (with immunological memory) against both exogenous (pathogens) and endogenous (tumor) antigens presented in dying cells. This type of cell death is known as immunogenic cell death (ICD). Although ICD is most often associated with signs of apoptosis, novel evidence suggested that other regulated cell modalities, namely necroptosis, can have immunogenicity properties as well [99, 100] . Indeed, the classical necroptosis inducer TSZ (TNFα + SMAC mimetic + z-VAD-fmk) can trigger cell death that exhibit ICD hallmarks (ATP, CALR, HMGB1). These TSZ-dying cancer cells, when injected in immunocompetent mice, elicit an immune response conferring protection against further rechallenge with live cancer cells. However, genetically inhibition of RIP3K or MLKL significantly abrogate the immunogenicity of necroptotic cells, thus suggesting that the necroptotic machinery might contribute to ICD. Currently, the nomenclature committee on cell death considers ICD as an independent type of cell death that relies on the emission, in a spatial-temporal controlled manner, of a specific set DAMPs, namely: ER chaperones such as calreticulin (CALR) and heat shock proteins (HSP), adenosine triphosphate (ATP), type I interferon (IFN), high-mobility group box 1 (HMGβ1) and annexin A1 (ANXA1) (Figure 4) . Vaccination experiments in which murine dying cells are injected into immunocompetent mice are the gold-standard approach to determine whether a certain strategy immunogenic [101, 102] .
Fig. 4 DAMPS and anti-tumor immunity.
Photodynamic therapy triggers different forms of cell death that are associated with a strong and acute inflammation with the exposition/release in a spatio-temporal manner of the main ICD hallmarks namely: CALR, HSP, ATP, HMGβ1, IFN and ANXA1. ATP triggers the recruitment of DCs to the tumor bed and CALR/HSP contribute to the engulfment of tumor antigens by these cells. Stimulated by HMGβ1, DCs further migrate to the lymph nodes where tumor antigens are presented to T cells. Altogether, this results in a potent IL-1β-and IL-17-dependent, IFN-γ-mediated immune response involving the activation of cytotoxic CD8+ T cells. Activated T lymphocytes then, migrate through the body and kill the tumor cells, both at the primary site of irradiation and at non-irradiated cancer lesions (metastasis).
Danger/damage-associated molecular patterns (DAMPs)
CALR is mainly localized at the lumen of the ER, where it has diverse functions, such as regulation of Ca 2+ homeostasis and chaperone activity to help other proteins proper folding features. When ICD is triggered, CALR translocates from the ER lumen to the cell surface, where it functions as an "eat me" signal, which is recognized by the receptor CD91 expressed on antigen-presenting cells (APCs), for instance, dendritic cells (DCs). This stimulates the engulfment of the dying/stressed cancer cell, including their tumor-associated antigens, as well as the further antigen cross-presentation to the T cells, triggering anti-tumor immunity. CALR translocation to the cell surface was initially identified in treatments with anthracyclines and was described as an early event in the death process, dependent on PERK-eIF2α arm of ER stress, caspase 8 activation, Bap31 cleavage, BAX/BAK activation, anterograde ER-Golgi transport and SNARE exocytosis [103, 104] . Recently, it was revealed that ICD inducers definitely manifested PERK-dependent eIF2α phosphorylation. However, the downstream ATF4 or CHOP activation (as observed in canonical ER stress) or other signs of ER stress (activation of ATF6 or IRE1a arms) were not induced by ICD. This demonstrated that CALR exposure is only dependent on eIF2α phosphorylation and not on any of the other signs of ER stress [105, 106] . CALR exposure and phosphorylation of eIF2α have been associated with a positive prognostic value in cancer patients, which is probably explained by the ability of those patients to elicit ICD when submitted to anti-cancer treatments [107] [108] [109] . Similarly to CALR, HSPs are also chaperone proteins with an important role in the folding of newly synthesized proteins but are also important molecular players in the cellular stress response, detecting and re-folding misfolded proteins. Intracellularly, they can mediate prosurvival/cytoprotective effects, but under ICD, translocation into the plasma membrane of HSP70 and HSP90) results in their action as an "eat me signal". This is due to their ability to be recognized by receptors (such as CD91, LOX1 and CD40) on APCs, which in turn, mediates the uptake of dying cells and the cross-presentation of tumor antigens to T cells facilitating activation. Alternatively, HSP can also be recognized by CD94 receptor of NK cells, which can directly kill cancer cells [101, 102] . During ICD, ATP is actively released by the stressed cells into the extracellular milieu. ATP, a "find me" signal, is known to attract APCs and to promote inflammasome activation by interacting with purinergic P2Y2 or P2X7 receptors (P2RY2 or P2RX7). This triggers the release of the pro-inflammatory IL-1β that, ultimately, activates IFNγ and IL17 producing T cells which are known to be crucial to stimulate adaptive immunity. ATP release occurs in the absence of plasma membrane permeabilization and depends on the classical, PERKregulated, proximal secretory pathway (ER-to GA transport) and PI3K-dependent exocytosis. Inhibition of autophagy (by KO autophagy-related genes) was demonstrated to decrease the ATP release upon treatment with chemotherapeutic ICD inducers (e.g., mitoxantrone) which significantly reduced the recruitment of APCs and T cells in the tumor bed [110] . This was in contrast to the findings obtained with hypericin-PDT, which indicated no dependence on autophagy for ATP release during PDT. In contrast to anthracyclines, autophagic-deficient cells were more immunogenic than normal cancer cells when submitted to hypericin-PDT (increased DC maturation, IL 6 and IFNγ production and proliferation of T cells) [111] . HMGβ1, a nucleus-localizing, non-histone chromatin-binding protein can be actively released from inflammatory cells (activated macrophages and monocytes) or passively from dying cells, therefore it is mainly known as a necrotic DAMP. Extracellular HMGβ1 acts as a pro-inflammatory "cytokine" upon recognition by diverse PRRs, of which TLR4 is probably the most important in the context of ICD for its role as a pro-inflammatory "cytokine". HMGB1 interacts with TLR4 expressed in DC to stimulate tumor antigen presentation [101, 102] . Finally, the release of ANXA1 by dying cancer cells was recently described to be crucial for the anti-tumor immune response trigger by anthracyclines. The mechanisms of ANXA1 release are not yet known. ANXA1 binds to formyl peptide receptor 1 (FPR1) which is mainly expressed on DC and contributes to the migration of these cells towards dead/dying cancer cells. Indeed, cancer cells that lack the ability to release ANXA1 fail to induce antitumor immunity upon treatment with anthracyclines. Similarly, mice lacking FRP1 are also unable to mount an anti-cancer immune response as their DCs are incapable to interact with anthracycline-killed cancer cells and hence, no cross-presentation of tumor-associated antigens occurs to the cytotoxic T lymphocytes. [112] Loss-of-function mutations of FRP1 in cancer patients (namely cancer and colon cancers) have been correlated with shorter metastasis-free and overall survival after treatment with anthracyclines-inducing ICD. [113] ICD was initially thought to be triggered by a small set of chemotherapeutics agents (e.g., doxorubicin, mitoxantrone, oxaliplatin, bortezomib, etc) [104] . Unfortunately, most of the drugs used in chemotherapy (e.g., cisplatin, etoposide, mitomycin C) are unable to induce ICD, meaning that cancer cell destruction is caused in a way that is ineffective regarding immune recognition [114, 115] . The development of anticancer therapies capable of killing cancer cells and, concomitantly, activating anti-tumor immunity (in the absence of adjuvants) is of the upmost importance for effective systemic therapies. Although PDT has been known for decades to impact the host immune system [116, 117] , only recently was it recognized that light-activated photosensitizers can be ICD inducers. The pioneering work by Agostinis et al. with hypericin was particularly significant [118, 119] . Hypericin was demonstrated to trigger ICD through a pathway involving the PERK-eIF2α arm of ER stress, exposure of CALR at the cell surface and ATP release. However, the mechanisms described for CALR exposure and ATP release upon hypericin photoactivation are slightly different from the ones identified for anthracyclines. In contrast to the latter, CALR exposure was described to be dependent on PERK but not on eIF2α phosphorylation or caspase 8 [120] , whereas the active release ATP was also found to be independent on autophagy [111, 118, 119] . ICD hallmarks have been reported for different photosensitizers as illustrated in Table1. 
PDT-based vaccines
In addition to the ICD hallmarks detected in vitro, vaccination experiments, conducted in immunocompetent mice, are crucial in the establishment of a therapy involving an ICD inducer [132] . The immunogenicity of dying cancer cells is expected to arise from the combination of antigenicity provided by tumor cell's specific epitopes and the adjuvanticity conferred by the DAMPs. For many years, even before the appearance of the concept of ICD, PDT was explored for the development of anti-cancer vaccines. The first efforts used lysates/supernatants from Photofrin-PDT treated cells (PDT-based lysates vaccine), which acted as prophylactic vaccines by conferring protection to the mice against tumor growth (mammary EMT6 cells).
This study demonstrated that 75 % of the mice had tumors smaller than 400 mm 3 , three months after cancer cell inoculation, whereas non-vaccinated mice reached the humane endpoint around one month later. Such anti-tumor protection was found to be tumor-specific and correlated with DCs maturation and IL12 production. Importantly, no protection was observed for vaccines prepared by ionizing radiation, UV light, hyperthermia, or freeze/thaw cell lysis [133] . Later, benzoporphyrin derivative (BPD)-PDT-based whole-cell vaccines were used to treat established and low-immunogenic head and neck cancer SCC tumors. A significant tumor growth delay was attained, which was correlated with increased number of B and T cells and matured DCs on the lymph nodes [134] . PDT with other photosensitizers was explored for the generation of whole-cell vaccines, such as chlorin e6 [135, 136] , hypocrellin SL052 [137] hematoporphyrin monomethyl ether [138] and redaporfin [35] . In general, these studies revealed that PDT-based whole-cell vaccines are tumor-specific, which means that protection is limited to rechallenge performed with the same cell types as those used for vaccination. Maturation of DCs and interferon-producing T cells are also often reported, as well as the loss of effect when immunodeficient mice were used [139] . Anti-cancer DC-based vaccines have been extensively explored over the last decades as a therapeutic strategy in oncology. DCs are important APCs and their major roles include the uptake, transport, processing and presentation of antigens to CD8 T lymphocytes, which then acquire the ability to recognize and eliminate cancer cells selectively. Therefore, DCs are important players in the establishment of immunological memory, contributing to the transition from innate to adaptive immunity. Anti-cancer DC-based vaccines envisage the use of the patient-derived DCs, which are loaded with ex vivo tumor-associated antigens (TAAs), matured with a combination of pro-inflammatory cytokines and TLR agonists, and ultimately infused back in the cancer patient [140, 141] . Loading DC with TAAs from PDTmediated dying/dead cancer cells might constitute a major contribution to the field and a few promising examples of PDT-based DC vaccines have been reported. For example, cancer cells killed with PDT using a chlorin-based photosensitizer ('DH-I-180-3', a triethylene glycol derivative of methyl pheophorbide a) were used to pulse immature DCs with TAAs. Mature DCs were further administrated to mice (at early or later time points after tumor implementation) and a significant inhibition of mammary tumor growth (EMT6 cells) was observed in both cases, which was correlated with increased IFNγ+ spleenocytes. In contrast, no tumor delay was achieved in treatments with DCs pulsed with freeze/thawed killed tumor cells, nor when only PDT-based tumor lysates were used [142] .ALA-PDTmediated apoptotic cancer cells (skin squamous carcinoma, PECA cells) were also used to activate immature DC cells. These DCs revealed morphological maturation (enlargement of dendrites and increase of lysosomes), phenotypic maturation (upregulation of MHC class II, CD80 and CD86) and higher expression of IFNγ and IL12 (but low amounts of the immunosuppressive IL10) than those DCs charged with freeze/thawed cancer cells (high IL10). ALA-PDT-based DC vaccines provided protection to mice against a subsequent rechallenge with live cancer cells, while such protection was not attained with freeze/thawedbased DC vaccines [126, 143] . DCs pulsed with apoptotic hypericin-PDT-treated Lewis lung carcinoma (LLC) cells also exhibited phenotypic maturation (CD80, CD86 and CD40) and were capable of stimulating CD8+ T cells to produce IFNγ. Preventive vaccination experiments revealed that both dying hypericin-PDT-treated cells and DC pulsed with hypericin-PDT-treated cells conferred protection against tumor growth; although the vaccination via DCs was more efficient than the whole-cell vaccine. In both cases, such protection was correlated with an increase of CD8+ T cells expressing IFNγ and decrease of Tregs (CD4+ Foxp3+) [144] . An additional study with hypericin-PDT, involving glioma cancer cells (GL261), likewise demonstrated that these dying cells can efficiently mature DCs. Vaccination experiments revealed that hypericin-PDT-based DC vaccine induced an anti-tumor immune response strong enough to protect around 70% of the mice against an intra-brain rechallenge with live cancer cells. Freeze/thawed -based DC vaccines instead failed to confer any anti-tumor protection. These results were associated with increased T cells (both CD4+ and CD8+) expressing IFN-γ and IL17 and decreased Tregs within the brain of the vaccinated mice. Importantly, the anti-tumor immunity was significantly abrogated by inhibiting different ICD hallmarks (CALR, ATP, HMGB1), ROS formation, MyD88 (myeloid differentiation primary response gene), CD8+ T cells or use of immunocompromised mice. These vaccines were also tested in a curative setting, alone or in combination with temozolomide, the standard-of care for glioma patients. Treatment of mice bearing orthotropic gliomas with hypericin-PDT-based DC vaccine or temozolomide alone resulted in a slight increase of the median survival but without long-term cures, whereas a combination of the vaccine with temozolomide resulted in 50% tumor-free brain for at least 3 months. The combination resulted in a significant increase of T cells expressing IFNγ and IL17 and decrease of Tregs, thus suggesting anti-tumor immunity [122] . Overall, these studies illustrate the immunogenic potential of cancer cells killed by PDT.
Anti-tumor immunity mediated by PDT
The nexus between cancer cell death and immunogenicity is becoming clear and holds promise of achieving anti-tumor systemic immunity with long-term tumor control. To this end, it was recently established that PDT elicits anti-tumor immunity, meaning that the cancer cells dying in the patient´s body after PDT can themselves, behave as a vaccine. This is undoubtedly connected to the cancer cell's death pathways elicited specifically by PDT, which render them immunogenic. Numerous studies have demonstrated that PDT activates both innate and adaptive immune responses that contribute to tumor eradication [145] . Treatment of tumors with PDT triggers strong and acute inflammation due to the release of a variety of pro-inflammatory cytokines (mainly the pro-inflammatory IL6), neutrophil tumor infiltration, neutrophilia and complement activation [146] [147] [148] [149] . These observations, already known for many years, are in agreement with the recent finding that ICD triggers a pathogen-like chemokine response similar to the one elicited by some pathogens (namely bacteria and virus). Cancer cells killed by different ICD inducers (mitoxantrone, radiotherapy and hypericin-PDT), but not by non-ICD inducers (tunicamycin, cisplatin and F/T killed cells), induce the release of specific inflammatory chemokines (namely CXCL1, CCL2 and CXCL10) and the recruitment of neutrophils, thus resembling bacterial and viral infections. Recruited neutrophils were demonstrated to be able to phagocyte ICD-dying cancer cells. This elicited their phenotypic (CD86/MHC-II) and functional (IL6/IL1B high and IL10 low) maturation, which is correlated with their ability to kill residual cancer cells by means of H2O2 and NO release. [150] Neutrophils are the first innate immune responders to PDT which is followed by dendritic cell (DC) maturation and migration to the lymph nodes where they prime tumor-specific cytotoxic CD8+ T cells. The activity of the primed cytotoxic T cells is not confined to the local tumor area, but may also include distant sites such as metastases. WST11 (Tookad, bacteriopheophorbidato a)palladium(II)) and redaporfin are good examples of photosensitizers which, when applied in vascular protocols of PDT, were able to induce high cure rates (around 80%), namely in a mouse model of colon cancer (CT26WT) [12] [13] [14] 151] . This therapeutic effect dramatically drops when immunocompetent mice were replaced by immunodeficient mice, or when CD8+ T cells were depleted by using specific antibodies. Cured mice were protected against subsequent challenges with live cancer cells, thereby indicating immunological memory. Of note, such immune responses are strong enough to inhibit the growth of distant and non-irradiated metastasis [12, 151] . A few narratives of PDT-mediated anti-tumor immunity in a clinical setting have also been published. A case report of a patient with multifocal skin recurrent angiosarcoma, submitted to chlorin e6-PDT, described regression of the irradiated lesion but also of non-treated distant lesions. This effect at distant lesions was correlated with T cell infiltration 48 h posttreatment [152] . However, it well known that cancer cells can escape the immune system namely by the presence of immunosupressor cells in the tumor microenvironment. T cells overexpressing the inhibitory receptors (immune checkpoints) CTLA-4, PD-1 and its ligand (PD-L1) are often founded in tumors. The inhibition of these receptors by specific antibodies (typically known as immune checkpoints blockers (ICBs)) has been unprecedentedly successful in some cancer patients, although they still fail in several others for reasons not yet fully understood. Recently, their use as adjuvants for PDT with the aim of boosting the immune system, namely the abscopal effects, has revealed encouraging results. For example, the combination of PDT with Bremachlorin (a mixture of chlorin e6, chlorin p6 and purpurin 5) with an antibody against CTLA4, in mice bearing two tumors (pseudo-metastatic model, CT26 or MC28 cells) resulted in enhanced eradication of both the primary tumor (irradiated) and the distant and non-irradiated tumors. This therapeutic effect was not achieved with the single treatments and was shown to be dependent on CD8+ T cells [153] . Similarly, PDT using the photosensitizer WST11, combined with antibodies against PD-1 and PD-L1, was demonstrated to be very effective in the treatment of an orthotopic model of renal cancer with lung metastases. Regression of the primary renal tumor and of lung metastases was only achieved with the combination approach and not with the single treatments of PDT or ICBs [154] . More detailed revisions about PDT and combinations to boost anti-tumor immunity can be found elsewhere (refs) . Altogether, these results endorse PDT as a therapeutic strategy with immunomodulatory properties that can bring, either alone or in combination with other therapies, significant benefits to cancer patients.
Concluding remarks
Cancer cell death is an important factor in the design of anti-cancer therapies. The manner in which cancer cells are destroyed strongly determines how they are recognized by the immune system. The anti-tumor immunity triggered by PDT is not expected to be simply mediated by the large extension of unprogrammed necrosis (typically observed in vivo) and the subsequent release of the intracellular content. This supported by the fact freeze-thaw or boiling treatments are known to induce massive necrosis but have failed to protect mice in vaccination experiments. Thus, it is plausible that the oxidative stress mediated by PDT, with some photosensitizers,generates new and unique tumors antigens (neo-antigens) that render PDT-treated cancer cells more immunogenic than cancer cells killed by other strategies. It was shown that oxidation-associate molecular patterns (OAMPs), such as reactive protein carbonyls and peroxidized phospholipids, can be recognized by the immune system and possess immune adjuvant properties similar to those of classical DAMPs [155] . Photosensitizers that target different cells (endothelial vs. cancer cells) or with different subcellular accumulation may also generate distinct neo-antigens and OAMPs/DAMPs, which are expected to be linked with different immunomodulatory properties. The exact mechanisms which mediate anti-tumor immunity in the context of vascular-PDT are still poorly understood, but it is reasonable to think they are not mediated by the ROS-based PERK-eIF2α-ER stress pathway. A detailed understanding of the molecular and biological mechanisms behind PDT-mediated cell death and anti-tumor immunity will enable more effective treatment protocols and combinatory strategies for the benefit of the cancer patient.
